A β-glucosidase from Armillaria mellea, an edible mushroom collected from Hıdırnebi High Plateau (Trabzon, Turkey), was partially purified 41.1-fold by using ion-exchange chromatography and it was biochemically characterized. The enzyme exhibited maximum activity at pH 4.0 and 50 • C when p-nitrophenyl-β-D-glucopyranoside was used as a substrate. K m and V max values were calculated as 0.3 mM and 3.6 U/mg protein, respectively. A. mellea β-glucosidase was quite stable in the range of pH 3.0-6.0 and 8.0 after 24 h of incubation at 4 • C. It was determined that the enzyme was extremely stable in the range of 20-50 • C after 1 h incubation. It was also determined that some metal ions and chemicals affected the enzyme activity in different ratios.
INTRODUCTION
β-Glucosidases (EC 3.2.1.21; β-D-glucoside glucohydrolase) hydrolyze terminal, non-reducing 1,4-linked-β-glucose residues by releasing β-D-glucose from oligo-or polysaccharides. [1] They occur ubiquitously in plants, animals, fungi, and bacteria and play pivotal roles in many biological processes, such as degradation of cellulosic biomass, hydrolysis of glycolipids, cyanogenesis, and modification of secondary metabolites. [2] Cellulose, which is an unbranched glucose polymer composed of D-glucose units linked by a 1,4-β-D-glucosidic bond, is the most abundant renewable resource on the earth. Renewable alternative energy has recently attracted much attention because of the shortage of fossil fuels, emission of greenhouse gasses, and air pollution caused by incomplete combustion of fossil fuels. [3] The hydrolysis of cellulose to glucose is the most important process in the production of bioethanol, an important alternative energy resource. β-Glucosidases as part of the cellulase enzyme complex hydrolyze cellobiose and cellooligosaccharides to yield glucose that is fermentable by yeasts into fuel ethanol. [4] Thus, the enzyme has high demand in ethanol production.
In winemaking, β-glucosidases play a key role in the enzymatic release of aromatic compounds from glycosidic precursors present in fruit juices, musts, and wines. The natural ARMILLARIA MELLEA β-GLUCOSIDASE 679 process by endogenous plant β-glucosidases is very time consuming. Supplementation with external enzymes may enhance aroma release. [5] Using β-glucosidases as additives in cellulose-based feeds is beneficial for single-stomach animals, such as pigs and chickens, by enhancing the digestibility of the feed. [6, 7] There are also some examples for the use of the synthetic activity of β-glucosidases in the literature. Arbutin-β-glycosides were synthesized via the transglycosylation reaction of Thermotoga neapolitana β-glucosidase to develop a new skin whitening agent, and the products were evaluated for their melanogenesis inhibitory activities. [8] Armillaria mellea is well known as a fungus, and it has been reportedly used in the treatment of geriatric patients with palsy, dizziness, headache, neurasthenia, insomnia, numbness in limbs, and infantile convulsion and also reportedly exerts neuroprotective effects. [9] It is an edible mushroom and considered good by many people. The acrid or bitter taste of fresh specimens disappears with cooking. The scopes of this study were to extract and purify a β-glucosidase from the fruiting body of A. mellea and characterize the enzyme to determine optimum reaction conditions, thermal and pH stability, kinetic parameters, and the effects of various chemical compounds on the activity. Because β-glucosidase has many applications in industry, especially the food processing industry, finding new enzymes with desirable activities and properties is now a great challenge for the application of these processes. There are few studies about the biochemical characterization of β-glucosidases from edible mushroom species. Thus, the present study is important for its contribution to the literature.
MATERIALS AND METHODS

Materials and Chemicals
Armillaria mellea was collected from Hıdırnebi High Plateau (Trabzon, Turkey), carried into the laboratory in liquid nitrogen, and stored in deep freeze at -80
• C. All chemicals used in the study were reagent grade and purchased from Sigma (St. Louis, MO, USA).
Preparation of Crude Enzyme Extract
Crude enzyme extract was prepared as reported previously. [10, 11] Mushrooms (25 g) were placed in a dewar flask under liquid nitrogen for 15 min in order to decompose cell membranes. The cold mushrooms were homogenized in 50 mL of 50 mM cold acetate buffer (pH 5.0) containing 2 mM EDTA, 1 mM MgCl 2, and 1 mM phenylmethylsulfonyl fluoride (PMSF) by using a porcelain mortar. After the homogenate was filtered through four layers of muslin, the filtrate was centrifuged at 20,000 rpm for 30 min at 4
• C. The supernatant was used as crude enzyme extract.
Determination of Protein Concentration
Protein concentration was determined according to the Lowry method [12, 13] with bovine serum albumin as a standard. The values were obtained by graphic interpolation on a calibration curve at 650 nm.
Acetone Precipitation of A. mellea Crude Enzyme Extract
The equal volume of cold acetone (-30 • C) was added to the crude enzyme extract and the mixture was incubated at 4
• C for 2 h for the precipitation of proteins. After centrifugation at 20.000 rpm for 10 min at 4
• C, the precipitate was re-dissolved in appropriate volume of 50 mM acetate buffer (pH 5.5). After another centrifugation at 20.000 rpm for 10 min at 4
• C, the supernatant was used as enzyme mixture. [14] Ion-Exchange Chromatography
After acetone precipitation, the enzyme mixture was applied to a Q-Sepharose fast flow column (30 × 1.5 cm 2 ) previously equilibrated with 50 mM acetate buffer at pH 5.5. The column was washed with the same buffer until zero UV absorbance. After that, the enzyme sample was stepwise eluted by using a linear gradient of 0-0.6 M NaCl in the same buffer at a flow rate of 2.0 mL min-1 and 73 fractions (2 mL each) were collected. The fractions containing β-glucosidase activity were collected and concentrated by using Amicon Ultra-15 10,000 MWCO (Millipore).
Sodium Dodecylsulfate (SDS) Polyacrylamide Gel Electrophoresis and Activity Staining
Denaturating SDS polyacrylamide gel electrophoresis was performed in P8DS Electrophoresis Unit (Owl Scientific Inc., Woburn, USA). Gel having 12% acrylamide concentration was prepared as described by Laemmli [15] and Coomassie brilliant blue R-250 was used for staining. Non-denaturing polyacrylamide gel electrophoresis was performed at 4
• C by using a 10% separating gel containing 4-methylumbelliferyl-β-Dglucopyranoside (MUG) in the final concentration of 0.1% (w/v). After the electrophoresis was run, the gel was washed three times with 100 mM Mcilvaine buffer (pH 5.0) and incubated at 37
• C for 30 min in the same buffer containing 0.1% MUG. β-glucosidase bands were then visualized under UV light. [16] Determination of β-Glucosidase Activity and Substrate Specificity β-Glucosidase activity was assayed seperately by using p-nitrophenyl-β-Dglucopyranoside (pNPG), p-nitrophenyl-β-D-mannopyranoside, p-nitrophenyl-β-Dgalactopyranoside, and p-nitrophenyl-β-D-cellobioside as substrates. 200 μL of enzyme solution and 200 μL of substrate solution (4 mM stock) were incubated for 15 min at 37
• C. The reaction was stopped by the addition of 1.2 mL Na 2 CO 3 (0.1 M). The amount of p-nitrophenol (pNP) liberated was determined at 410 nm using Perkin Elmer Lambda 25 as spectrophotometer. One unit of enzyme activity was defined as the amount of enzyme producing 1 μmole of pNP per minute under the assay conditions. [16] pH Optimum and Stability
The activity of A. mellea β-glucosidase as a function of pH was assayed at 37
• C by using pNPG as a substrate and 50 mM buffer systems: Glycine-HCl (pH 2.0-3.0), acetate (pH 4.0-5.0), phosphate (pH 6.0-7.0), and Tris-HCl (pH 8.0-9.0). The activity was expressed as percent relative activity with respect to maximum activity, which was considered as 100%. [17] The effect of pH on the enzyme stability was determined by incubating the partially purified enzyme at 4
• C for 24 h in the buffer solutions of different pH values: Glycine-HCl (pH 2.0-3.0), acetate (pH 4.0-5.0), phosphate (pH 6.0-7.0), and TrisHCl (pH 8.0-9.0). At the end of the storage period, the β-glucosidase activity was assayed under standard reaction conditions. The percentage residual enzyme activity was calculated by comparison with non-incubated enzyme. [17, 18] 
Temperature Optimum and Thermal Stability
The optimum temperature of the enzyme was determined at optimum pH value by measuring the activity at different temperatures in the range of 10-90
• C with 10
• C increments by using pNPG as a substrate. The activity was expressed as percent relative activity in relation to the temperature optimum, which was considered as 100%. [18] In order to determine the thermal stability of the A. mellea β-glucosidase, the enzyme solutions in Eppendorf tubes were incubated at temperatures over the range of 10-90
• C with 10 • C increments. Aliquots were withdrawn at times of 15, 30, 45, and 60 min, rapidly cooled in an ice bath for 5 min, and then brought to 25
• C. After reaching room temperature, the enzyme activity was determined at standard assay conditions. Control with non-incubated enzyme was used to determine the 100% activity value. [16, 18, 19] 
Enzyme Kinetics
Enzyme kinetic parameters of A. mellea β-glucosidase were obtained by measuring the rate of pNPG hydrolysis at various substrate concentrations ranging from 0.02 to 10 mM in the standard reaction mixture (at 50
• C in 50 mM acetate buffer, pH 4.0). The MichaelisMenten constant (K m ) and maximum velocity (V max ) values were determined from the Lineweaver-Burk plot using Microsoft Excel software.
Effect of Some Metal Ions on the β-Glucosidase Activity
The effect of metal ions on the enzyme activity was separately investigated by adding chloride salts of Na + , Li + , Mg 2+ , Mn 2+ , Zn 2+ , Co 2+ , Ca 2+ , and Cu 2+ directly to the standard reaction mixture in a final concentration of 1 mM and 5 mM. Enzyme activity determined in the absence of metal ion was defined as 100%. [14, 17] 
Effect of Some Chemicals on the Enzyme Activity
To study the effect of some chemicals on the enzyme activity, phenylmethanesulfonylfluoride (PMSF) and dithiothreitol (DTT) were separately added to the standard reaction mixture in the final concentration of 10 and 25 mM. In addition, the effect of SDS on the enzyme activity was investigated in the final concentration of 0.25 and 0.75%. The percentage residual activities were expressed by comparison with standard assay mixture with no chemical added. [14, 18] 
RESULTS AND DISCUSSION
Partial Purification of Armillaria mellea β-Glucosidase
In this study, a β-glucosidase from the fruiting body of A. mellea was partially purified with ion-exchange chromatography (Fig. 1a) . The enzyme activity and total protein concentration were determined for all fractions collected. The fractions with the highest β-glucosidase activity and the relatively lower protein contents were pooled and concentrated. The β-glucosidase was partially purified 41.1-fold with an overall enzyme yield of 9.1%, and a specific activity of 1.150 U/mg (Table 1) . It was previously reported that a β-glucosidase from the fruiting body of Lepista flaccida was partially purified 5.0-fold with 30-40% ammonium sulfate saturation. [20] It was also reported that recombinant Periconia sp. β-glucosidase cloned into Pichia pastoris KM71 was purified 1.1-fold by a single step gel-filtration (Superdex 200). [21] The purification factor values of β-glucosidases from apple seed, vanilla bean, and soybean have been reported as 47-, 7.2-, and 20-fold, respectively. [22] [23] [24] 
SDS Polyacrylamide Gel Electrophoresis and Activity Staining
The result of SDS polyacrylamide gel electrophoresis is seen in Fig. 1b . The number of protein bands was gradually reduced after the acetone precipitation and ion-exchange chromatography, but the number of bands was not one. This shows that the enzyme was purified partially. After the non-denaturing polyacrylamide gel electrophoresis, β-glucosidase bands were visualized under UV light. The presence of more than one band could be attributed to the presence of isoenzymes (Fig. 1c) . Existing of isoenzymes for β-glucosidases has been previously reported for other organisms such as Lycoperdon pyriforme, L. flaccida, and oat seeds. [14, 20, 25] Determination of Substrate Specificity β-glucosidase activity was assayed separately by using pNPG, p-nitrophenyl-β-D-mannopyranoside, p-nitrophenyl-β-D-galactopyranoside, and p-nitrophenyl-β-Dcellobioside as substrates. While the highest activity was observed in the presence of pNPG, no activity was found with p-nitrophenyl-β-D-mannopyranoside and p-nitrophenyl-β-Dgalactopyranoside (Table 2 ). It was reported that β-glucosidases from Periconia sp. and Termitomyces clypeatus had maximum activity in the presence of pNPG. [21, 26] pH Optimum and Stability β-Glucosidase activity of the A. mellea increased as a function of pH from 2.0 to 4.0 and decreased gradually after this value (Fig. 2a) . While the optimum pH was 4.0, more than 80% of maximal activity was also observed between pH 3.0 and 5.0. Similar acidic optimum pH results were also reported for L. pyriforme Aspergillus niger and Metschnikowia pulcherrima. [14, 27, 28] The trend for higher specific activity at pH values lower than the optimum of 4.0 reported for most of the β-glucosidases might be due to an acid-base catalytic mechanism. [29] It was determined that A. mellea β-glucosidase was quite stable at pH values between 3.0 and 6.0, and also pH 8.0 after 24 h incubation at 4
• C. It retained approximately 90% of its original activity at these values (Fig. 2b) . Nevertheless, the enzyme was less stable at pH 2.0. Residual β-glucosidase activity increased to 164% and 157% after 24 h incubation at pH 7.0 and 9.0, respectively. Similarly, L. flaccida β-glucosidase retained over 90% of its original activity at pH 4.0 and 5.0 after 24 h incubation at 4 • C. [20] L. pyriforme β-glucosidase was quite stable at pH values between 3.0 and 9.0, and retained over 85% of its original activity at 4
• C after 24 h incubation. [14] Also, β-glucosidase from Periconia sp. retained more than 85% of its maximal activity after incubated at pH 7-10. [21] It was reported that 90% of A. oryzae β-glucosidase activity remained after 17 h incubation at pH 5.0-7.0 at 30
• C. However, only about 70% of the activity remained at pH 4.0. [30] More than 70% of the original activity of purified Fusarium proliferatum β-glucosidase remained after 24 h incubation at pH 4.0-6.5 at 4
• C.
[31]
Temperature Optimum and Thermal Stability
Optimum temperature of A. mellea β-glucosidase was determined as 50
• C at pH 4.0 (Fig. 3a) . It was reported previously that β-glucosidases from P. pastoris and L. flaccida had optimum temperatures at 40 and 60
• C, respectively. [16, 20] It was also reported that L. pyriforme, A. niger, Stachybotrys strain, and Volvariella volvacea β-glucosidases had optimum temperatures of 50
• C. [14, 27, 32, 33] The stability of A. mellea β-glucosidase toward temperature is given in Fig. 3b . While the enzyme retained more than 95% of its original activity at 20 and 40
• C after 1 h incubation, its activity increased approximately 20% after a 15-min incubation at 30
• C. It had also 75 and 30% activity at 50 and 60
• C, respectively, but the activity was severely decreased after 15 minutes at temperatures between 70-90
• C. It was reported that Periconia sp. β-glucosidase was found to retain approximately 60% of its maximal activity for at least 2 h at 30-60
• C. After incubation at 70
• C, it retained more than 50% activity for 2 h. [21] L. pyriforme β-glucosidase retained its full activity between 20 and 40 • C after 1 h, but it lost all of its original activity at 50-80
• C. [14] The residual activity of Debaryomyces pseudopolymorphus β-glucosidase after 3 h incubation at 40
• C decreased to approximately 30% of the maximum activity. [34] It was also reported that β-glucosidase from V. volvacea lost 70% of its original activity after only a 5-min incubation at 60 • C. [35] Activity of A. oryzae β-glucosidase significantly decreased at temperatures above 40
• C when the enzyme was incubated for 4 h. [30] When L. flaccida β-glucosidase was incubated at temperatures between 10 and 40
• C for 30 min, it retained almost 80% of its original activity, but it lost 35% and 37% of its original activity at 50 and 60
• C, respectively. [20] Enzyme Kinetics K m and V max of A. mellea β-glucosidase were calculated from Lineweaver-Burk plot as 0.3 mM and 3.6 U/mg protein, respectively (Fig. 4) . K m values of β-glucosidases from other organisms for pNPG range from 0.2 to 21.7 mM. [36] It was also reported that K m values of L. flaccida, Stachybotrys strain, A. fulica, and Caldicellulosiruptor saccharolyticus β-glucosidases were 1.06, 0.27, 0.224, and 0.67 mM, respectively. [20, 32, 37, 38] Thus, A. mellea β-glucosidase had a comparable K m value for pNPG. K m is a measure of the affinity of an enzyme for a particular substrate and depends on environmental conditions such as pH, temperature, and ionic strength. [39] For this reason, the K m values of β-glucosidases from different organisms could be different.
Effect of Some Metal Ions on the β-Glucosidase Activity
The effects of some metal ions on the enzyme activity are seen in [21] The metal ions can affect the enzyme by increasing or decreasing the activity. Since metal ions may have different coordination numbers, geometry in their coordination compounds, and potentials as Lewis acids, they may behave differently towards proteins as ligands. These differences may also result in metal binding to different sites, and therefore, change the enzyme structure in different ways and affect the enzyme activity. [40] 
Effect of Some Chemicals on the Enzyme Activity
To study the effect of DTT, PMSF, and SDS on the β-glucosidase activity of A. mellea, they were separately added to the standard reaction (Table 4) . While the enzyme was little affected by DTT, it was inhibited 5 and 39% in the presence of 10 and 25 mM PMSF, respectively. In addition, the enzyme activity was almost fully inhibited by SDS. The inhibition of the enzyme by SDS indicates that the integrity of its three-dimensional structure is critical for its catalytic activity. It was reported that β-glucosidases from Periconia sp. and V. volvacea were also severely inhibited by 1% and 0.1% SDS, respectively. [21, 33] L. pyriforme β-glucosidase was also inhibited 100% in the final concentration of 0.75% SDS. [14] Activity of T. clypeatus β-glucosidase was inhibited approximately 25% in the presence of 20 mM DTT. [26] 
CONCLUSION
In conclusion, a pH and thermostable β-glucosidase was partially purified for the first time from A. mellea, an edible mushroom, with ion-exchange chromatography, and then it was biochemically characterized. The purification fold was 41.1. It was determined that A. mellea β-glucosidase was quite pH and thermal stabile. Especially, thermal stability of A. mellea β-glucosidase is advantageous, since reaction at an elevated temperature provides an opportunity for increased solubility of reactants and products, resulting in higher enzymatic activity, as well as higher reaction velocity stemming from lower viscosity. The risk of contamination is also reduced. Because thermostable cellulytic enzymes also have great potential to be used in industrial processes such as food processing, textiles, and bioconversion, A. mellea β-glucosidase could be useful for these industrial applications.
